This work reports the use of polymer-layered silicate nanoclays as potential flame retardants in unsaturated polyester resins. Preparation, characterisation and flammability properties of polyester-clay hybrids have been studied. X-ray diffraction studies have provided evidence that dispersion of functionalised clays in the polymer matrix depends on the type of functional group of the organic modifier used. Flammability properties studied using cone calorimetry suggests that incorporation of nanoclays (5% w/w) reduces peak heat release rate (PHRR) by 23-27% and total heat release 
INTRODUCTION
Typical unsaturated polyester resins have both very poor resistances to fire and high smoke densities associated during burning because of their intrinsic chemical composition and molecular structures. Thus, to produce a polyester resin product with acceptable standards of flammability, very high quantities (> 30% w/w) of flame retardant additives are typically required 1 . Recent advances in nanoscience and nanotechnologies claim to offer benefits in achieving improved polymer properties 2 including that of flame retardancy. Studies have now confirmed that dispersion of functionalised clays in polymeric matrices to yield so-called nanocomposite structures enables them to exhibit reduced flammability alongside improved mechanical properties compared with conventional analogues 3 . This reduced flammability is generally observed as a reduced rate of heat release in a fire as well as enhanced char formation. It is considered that formation of this carbonaceous-silicate char builds up on the polymer surface during burning, which insulates the underlying material and slows the mass loss rate of decomposition products 4 . However, while the presence of nanoclays alone cannot confer acceptable levels of flame retardancy, recent research on flammability of thermoplastic polymer-clay nanocomposites in the presence of conventional flame retardants has reported [4] [5] [6] [7] that when both a nanoclay and a char-forming flame retardant are present, the threshold concentration, Ic 8 of flame retardant required can be significantly reduced.
In the recent literature, 50-70% reductions in peak heat release rate have been reported for various polymer (e.g. nylon 6, polystyrene, polypropylene)-clay nanocomposites 2 .The magnitude of the flammability reduction depends upon the type of the polymer, the character of organic modification of the functionalised layered-silicate and the amount of clay present in the polymer 5 .
Furthermore, the reduction in PHRR of nanocomposites is in general dependent on the incident heat flux and in some cases the fire retardancy provided by nanocomposites recedes with decreasing incident heat flux 9 . In addition to the incident heat flux, cone calorimetric measurements are sensitive to sample thickness. For thermally thin materials the temperature is almost constant throughout the depth and hence the gasification rate more rapid than in thermally thick sample with a temperature gradient and lower gasification rate 10 . Kashiwagi et al have shown that the effectiveness of flame retardancy of nanocomposites, as measured by cone calorimetry, becomes less with thinner sample compared to thicker samples 11 . This is due to the fact that the thicker sample has more clay to cover same exposed area as compared to thinner sample of same surface area.
Of particular interest to our research, is that while the preparation, characterisation and improved mechanical/physical properties of unsaturated polyester-clay nanocomposites have been reported [12] [13] [14] [15] [16] , no comments upon possible improved fire performance have been included. We have also prepared similar structures by in-situ polymerization using commercially available functionalised nanoclays as well as organically modified nanoclays with and without conventional flame retardants 17, 18 . Thermogravimetric studies of polyester-clay nanocomposites reported earlier 17 have
shown that addition of nanoclays lowers the decomposition temperature and thermal stability of a typical resin upto 600 o C. Above 600 o C the trend is reversed in a region where carbonaceous residual chars only remain 17 . Inclusion of condensed phase-acting flame retardants enhances char formation of the resin above 400 o C and additional presence of nanoclays promotes further increase. However, enhancement in char formation is not as great as expected when compared with other similar polymer-clay nanocomposite structures 4 . Thermal analytical techniques however are not representative of real fire situations, hence our earlier studies have been extended to determine the fire performance of polyester-clay hybrids with and without flame retardants by using cone calorimetry and are reported here.
EXPERIMENTAL

Materials
Resin: Polyester resin -Orthophthalic, Crystic 471 PALV (Scott Bader).
Clays: Details of commercially available functionalised nanoclays ( Southern Clay Products, USA) used in this study are given in Table 1 .
Flame-retardants (FR):
The following commercially available flame retardants were used without further purification: 
Preparation of polyester-nanoclay hybrids
The polyester-clay nanocomposites have been prepared by in-situ intercalative polymerization. The required amount of a given clay (5 -10 %, w/w) was gradually added to the polyester resin, while stirring with a mechanical mixer under high shear (900 rpm) for 60 min at room temperature. For samples incorporating flame retardant (FR), a defined amount (20 -30 % w/w) with respect to resin-clay mixture) was added to the mixture of resin and clay after 20 min of mixing. Actual percentages of various components in the formulations are given in Table 2 . Samples were cast and cured at room temperature followed by post-curing at 80 o C for at least 8 hours. According to ASTME E 1354/ISO 5660 standard for cone calorimetric testing, the samples are classed as thermally thin samples (3 mm ± 12%).
In order to determine an appropriate level of nanoclay loading and the amount of flame retardant microparticles that can be added to the resin so as to render the formulation processable and to achieve optimal flame retardant properties, a range of samples given in Table 3 was prepared with different percentages of nanoclay and flame retardants. For this set of samples, the unsaturated polyester resin was diluted with methyl methacrylate (MMA) (5% w/w). With diluted resin, clay levels could be added upto 10% (w/w) with respect to polyester resin. Samples containing 5, 7.5, 10% (w/w) clay (Cl 25A), each with and without 20 and 30% (w/w) APP were prepared and formulations are listed in Table 3 . For higher clay concentrations (> 5% clay) in the presence of FR, the cross-linking reaction was noticeably slower and hence not processable. It was evident that the formulation became more plastic and difficult to cure, which may be the consequence of dispersed nanoclays interacting with the polymerising structure, by possibly obscuring crosslinking sites and hence reducing rates of curing of samples. This has also been observed by Bharadwaj et al 16 , and they have proposed that the crosslink density is inversely proportional to the degree of exfoliation and macroscopic dispersion. The cross-linking density apart from affecting curing of the thermosetting resin, also influences its thermal decomposition. Less cross-linking will reduce charring tendency of the resin, resulting in reduced flammability of the sample. However, in this work, the effect of additives on curing was not measured quantitatively, but will be discussed qualitatively based on parallel thermal analytical behaviour of these same samples in a separate publication. The following analyses and discussions assume that while the effect of curing level variation (if any) is not known and since all samples were sufficiently cured to have acceptable mechanical coherence to enable further study, levels of curing were not in fact greatly dissimilar.
The samples which had difficulty in curing (suggesting different rates of curing) have not been excluded from further study. Based on the initial cone calorimetric results of this study shown in Table 3 coupled with observations on formulation and processability, samples containing 5% clay with 20% FR loadings were selected for more comprehensive study by XRD and cone calorimetry.
Samples with different combinations of nanoclays and flame retardants as given in Tables 4-6 were prepared. For this set of samples additional MMA was not used.
RESULTS AND DISCUSSION
While the detailed analysis and discussion of thermal analytical results for such samples are reported elsewhere 17 , here sample thermal stability is assessed in terms of percentage char residue at 600 and 800 o C. In summary, and to provide information relevant to the cone calorimetric results, the thermogravimetric data in Table 3 show increased mass residues with increased clay 
X-ray diffraction studies
Interlayer spacing of the clay platelets for nanoclays alone as obtained by X-ray diffraction studies are given in Table 1 . The basal spacing for sodium montmorillonite clay has increased in organically modified clays from 1.17 nm to 1.76 -3.15 nm, depending on the type of organic modification. Decreases in 2θ angle and hence increases in basal spacings are due to replacement of small Na + ions present by large organic cations in the organically modified clays. The chemical structure of the organic modifier in the clay will also influence the dispersion of clay in the polymer matrix and its tendency to intercalate and exfoliate.
In addition to transmission electron microscopy (TEM), which was not available for this study, the Figure   1 (a) and Table 4 ). For the Res/Cl 10A sample, the diffraction peak has moved slightly to a higher Table 1 ) suggesting the disordering and loss of structural regularity of the clay layers and hence possible formation of an exfoliated nanocomposite structure. However, in contrast, for Res/Cl 30B, the characteristic peak of the clay has moved from 2θ =5.1 o (see Table 1 ) to 4.7 o (see Table 4 and Figure 1 (a)), resulting in increased d-spacing from 1.76nm to 1.856 nm. Thus, the Res/Cl 30B sample represents a possible intercalated structure where polymer chains have separated the clay lamellae while still maintaining the overall ordered structure of clay. Based on X-ray diffraction studies, Bharadwaj et al 16 have shown formation of exfoliated nanocomposite structure using Cloisite 30B clay.
However, TEM studies on the same sample at different length scales showed a random dispersion of intercalated/exfoliated aggregates throughout the matrix. Thus, XRD data is not sufficient to characterise nanocomposite structure conclusively. Nevertheless, in this work, XRD data has been used to compare nanocomposite structures depending on using different commercially available functionalised clays. It is evident from these results that the degree of dispersion of the nanoclay is related to its functional group character. Cl 15A is non-polar, whereas 30B has polar -OH groups.
Both however, have linear aliphatic chains resulting in intercalation. The benzyl group present in the Cl 10A apparently neither promotes intercalation nor exfoliation, which might be due to steric hindrance preventing close contact with resin. The functionalised clay Cl 25A has a cyclohexyl group present, which in chair form can be quite planar and interact with resin phenyl (phthalyl) groups, resulting in possible exfoliation. Table 4 . Hence, X-ray diffraction studies indicate that inclusion of flame retardants neither influences nor facilitate nanocomposite formation.
Cone calorimetry
Under cone calorimetric conditions at 50 kW/m 2 heat flux, unsaturated polyester ignites at 34 s and burns for 136s yielding a PHRR of 1153 kW/m 2 and total smoke released is 761 litres (see Table 3 and Figures 2 (a) and 3 ). Effective heat of combustion (Hc), which reflects the calorific value per unit of the specimen for unmodified polyester resin, is 21.1 MJ/kg and fire growth rate index (FIGRA), which is defined as the ratio of PHRR and the time at which PHRR occurs, is 11.5 kW/s (see Table 5 ). The rate of smoke released sharply increases to about 60 l/s (see Figure 4 (c)) and as the combustion of polyester resin occurs vigorously, the specimen is quickly burnt out and the rate of smoke release rapidly decays.
Cone calorimetric data in Table 3 shows no change in peak heat release rate for resin diluted with MMA although its presence reduces THR although within error, the values may be identical. An increase in clay loading from 0% to 10% (w/w) decreases PHRR from 1154 to 705 kW/m 2 and increases TTI slightly from 32s to 37s as seen from Figure 2 . Figure 3 shows the PHRR value as a function of clay loading and it can be seen that there is a linear relationship between PHRR and clay content ( R 2 = 0.93). Higher clay loading results in formation of a thicker insulating layer on the surface of burning polymer, thus providing potential barrier to both mass and energy transport 19 . There is a corresponding decrease in THR values and effective heat of combustion which is probably due to reduced fuel content in sample containing higher clay levels. presented here are averages of three replicates for each sample and reproducibility of results is within ± 6 % co-efficient of variation.
Effect of nanoclays on flammability of polyester resin
In Figure 2 HRR versus time curves for resin and Res/Cl 25A nanocomposite structures having different percentages of clay levels are shown. With increasing clay levels, the HRR versus time curves have reducing maxima and become broader (see Figure 2 (a)), indicating that samples burn less intensely (shown by reductions in PHRR) but for longer times. There is also corresponding slight decrease in the effective heat of combustion with increased clay levels. Higher flame-out times for samples containing clay result in increasing total smoke release values as can be seen in Table 3 . The clay-rich hybrids (mass fraction of ~ 10% w/w) reflect properties dominated by the inorganic phase as can be seen by the mass loss curves in Figure 2 (b) where samples with higher clay content show better thermal stability as the burning progresses. Enhanced thermal stabilities for samples with higher clay concentration are in agreement with thermogravimetric results in Table 3 .
All nanoclays show similar cone calorimetry trends as for Cl 25A discussed above. The cone calorimetric data for different formulations with different clays present at 5% (w/w) levels are given in Table 5 and selected cone parameters for Res/Cl 10A sample are graphically shown in Figure 4 . Surprisingly, the introduction of each clay has not reduced respective sample effective heat, Hc values below that of the resin (21.1 Mj/kg) in spite of their having replaced otherwise combustible resin. However, while all Hc values listed in Table 5 for resin-clay combinations are similar, any real reductions might be masked by experimental error.
Selected cone parameters from Table 5 Ideally, for optimal reduced fire performance of nanocomposites, the clay particles should cover the entire surface of the sample and remain coherent over the entire burning period 22. Visual observations during cone calorimetric experiments confirmed that vigorous bubbling and bursting did occur as soon as the samples were exposed to the heat flux.
With respect to the PHRR values of all Res/Cl samples, Table 5 shows the apparent decreasing order Cl 10A > Cl 30B > Cl 15A > Cl 25A (relating to the order microdispersed > intercalated > exfoliated as indicated by XRD studies) although the whole spread of values falls in a range of ±6% which is commensurate with the error expected of cone calorimetric data. With regard to correlating improved fire performance with nanocomposite structure, particular attention is drawn to the behaviour of the Cl 10A clay. The X-ray diffraction results in Table 4 and Figure 1 (a) and cone calorimetric data in Table 5 and Figure. 5(a) indicate that although nanocomposite structure is not observed following XRD study of the Res/Cl 10A hybrid, the apparent microcomposite exhibits the highest reduction (27%) in PHRR as compared to other intercalated (Res/Cl 15A and Res/Cl 30B) and exfoliated (Res/Cl 25A) nanocomposites. However, while bearing in mind the comments above about experimental error, the Res/Cl 25A sample, which shows complete exfoliation of silicate layers, has the highest apparent PHRR value (887 kW/m 2 , see Table 5 ) of all resin-clay hybrids reported. This suggests that despite the exfoliated nanocomposite structure, the subsequently formed protective barrier might have collapsed as the temperature increased, thus opening channels to permit the escape of volatile products from burning polymer into the flaming zone thereby increasing PHRR. Lower apparent reductions in peak heat release rate in exfoliated
Res/Cl 25A hybrid might also be attributed to the cross-linking density of the sample which could sequentially affect thermal degradation 16 and hence heat release properties of the polymer. As stated previously, however, we have not determined cross-linking levels within or differences between resin composite samples in this study. Furthermore, the THR value of the Res/Cl 25A sample is the lowest reported for clay-containing samples in Table 5 and although at the extreme of the experimental 6% error level and could be considered to be real; also the total burning time is 
Effect of conventional flame retardants on flammability of polyester resin
Of the chosen conventional flame retardants selected, ammonium polyphosphate, in general, is effective in the condensed phase and moreover, ammonium salts of phosphoric acids are known to be effective in thermoset resins 1, 24 . On the other hand, melamine phosphate acts additionally as a foaming agent, catalyst and a char former by promoting intumescence which may be enhanced by dipentaerythritol. In contrast, alumina trihydrate acts mainly as a filler and dilutes the polymer, thus reducing the concentration of decomposition gases. It also endothermically releases water vapour to cool the pyrolysis zone at the combustion surface 8 .
Cone calorimetric parameters for all the Res/FR samples given in Table 5 are plotted as percentage reduction of values with respect to pure resin in Figure 5 (b). Amongst the conventional flame retardants used in this study, melamine phosphate (NH) shows highest reduction (53%) in PHRR of polyester resin followed by ammonium polyphosphate (52%) and alumina trihydrate (ATH) (45%). Melamine phosphate with dipentaerythritol in Antiblaze NW does not seem to be very effective in lowering the peak heat release rate of unsaturated polyester (25%), however.
Increasing APP concentrations from 20% to 30% (see Table 3 with APP and this is shown to be the case for all retardants as seen by increased mass residues in Table 5 . Amount of smoke released plotted as a function of time for the Res/APP sample in Figure   4 (c) indicates a lower rate of release compared with the pure resin sample. With regard to the other flame retardants, it can be seen from 
Combined effect of nanoclays and flame retardants on polyester resin
From Table 5 and as discussed earlier, it can be noted that the nanoclays alone reduce flammability of polyester resin only marginally while flame retardants, and in particular APP and NH, are effective in reducing flammability considerably (see Figure. 5 
(b)). Although all combinations of
Res/Cl/FRs at 5% clay and 20% FR levels were studied, only selected and representative results are reported in Table 6 Table 2 ). This same effect is observed when adding each FR and Cloisite 25A to resin as shown in Fig. 7(b) .
Clearly, given the associated accompanying reductions in PHRR and FIGRA values (except for the Res/Cl25A/NH combination), this general increase in THR as consequence of clay addition is difficult to explain, although its magnitude appears to be both clay and FR dependent. If the effect is real, then the reduced fuel element from the reduced resin content must be more than compensated by a modification to the resin pyrolysis mechanism that enables more fuel to be generated. More work to investigate this effect further is essential in order to confirm it and, if true, to study its cause.
Generally, (see Table 6 and Figure 7 ) when any clay, exemplified by Cl 25A, is added to the resin Coefficient of variation for different parameters are: Thickness= 0-12%, Mass = 0-3%, TTI= 0-11%, FO = 1-10%, PHRR = 0-6%, THR = 0-4%, Hc = 0.4-3.9%, Total smoke = 1-10% 29 
